In the use of autologous PBPC transplantation in patients with multiple myeloma, contamination of PBPC with myeloma cells is commonly observed.
with high-dose chemotherapy and autologous peripheral blood stem cell support. [4] [5] [6] [7] Nonetheless, the high rate of relapse in the setting of autologous transplantation continues to be a major problem. It has been speculated that some of these relapses, particularly early ones, result from the transplantation of clonogenic myeloma cells. 8, 9 Indeed, several investigators have shown that peripheral blood progenitor cell (PBPC) products contain significant numbers of circulating clonogenic myeloma cells. [10] [11] [12] [13] In order to reduce the risk of relapse due to the transfer of myeloma cells, several techniques that remove these cells from the transplanted products are being investigated. [14] [15] [16] [17] One such technique is the positive selection of CD34 + cells, shown to contain the necessary precursors for both short-and long-term hematopoietic reconstitution. Since it is believed that the CD34 antigen is not expressed on clonal myeloma cells, selection of CD34 + cells from autologous mobilized peripheral blood progenitor cells may result in the reduction of myeloma contamination of these cells by several orders of magnitude. 18, 19 We report here the results obtained from 18 patients with multiple myeloma who received high-dose chemotherapy followed by the infusion of autologous peripheral blood cells enriched for CD34
+ using an automated immunomagnetic bead separation. Recovery of CD34 + cells, depletion of clonogenic B cells, and engraftment of in vitro processed cells were evaluated. To determine the degree of clonogenic B cell depletion we examined the expression of monoclonal immunoglobulin (Ig) heavy chain genes by RT-PCR in unfractionated PBPC, and in both CD34
+ and CD34 − fractions.
Patients and methods

Patient selection
Patients who met the standard criteria for the diagnosis of multiple myeloma were potentially eligible for this study. Disease staging was done according to the Durie and Salmon criteria. 20 Eligibility criteria included age between 18 and 65, Eastern Cooperative Oncology Group (ECOG) performance status р2, normal cardiac function, creatinine clearance Ͼ60 ml/min, and a diffusion capacity of Ͼ50%. Patients who progressed after high-dose cyclophosphamide were not eligible to proceed to high-dose melphalan. All patients met the pre-transplant assessment criteria as per our institutional protocol and signed an informed consent conforming to our Institutional Review Board guidelines.
Induction chemotherapy/mobilization for leukapheresis
PBPC were mobilized using 10 g/kg/day G-CSF (Amgen, Thousand Oaks, CA, USA) subcutaneously beginning 48 h after completion of cyclophosphamide (total 4.5 g/m 2 ; 1.5 g/m 2 every 3 h times three doses). Leukapheresis was initiated using the mononuclear cell collection procedure of the COBE Spectra Cell Separator (COBE Laboratories, Lakewood, CO, USA). To qualify for selection, patients were required to show successful mobilization as demonstrated by у20 CD34 + cells/l in peripheral blood and have a WBC у1 × 10 9 /l. Leukapheresis was ceased when a minimum of 5 × 10 6 CD34 + cells/kg were obtained for selection products and 1.5 × 10 6 CD34 + cells/kg were obtained in the unmanipulated back up to be used in case of graft failure.
CD34
+ cell selection
The Baxter Isolex 300 system was used to process PBPC. The first eight patients' products were processed using the semiautomated device (Isolex 300), while the remainder were processed on a fully automated version (Isolex 300i). Following the platelet wash to remove the majority of the platelets from the apheresis products, mononuclear cells were incubated with murine anti-human CD34 (clone C95) for 15 min at room temperature. After washing, sensitized cells were then incubated with Dynal paramagnetic micospheres (Dynal, Great Neck, NY, USA) at room temperature. The bead-cell complexes were then separated from unbound CD34 − cells using a magnet to retain the bead-CD34 + cell complexes, while CD34 − cells were washed away. Next, CD34
+ cells were freed from the beads by incubation with a releasing agent. The agent used initially was chymopapain (ChymoCell-T, Boots Pharmaceuticals, Lincolnshire, IL, USA) and then, based on the manufacturer's recommendation, was replaced by a synthetic peptide (Stem Cell Releasing Agent, Baxter Healthcare, Irvine, CA, USA). The CD34 + enriched products were evaluated for the following parameters: total nucleated cell counts, immunophenotype, sterility and viability.
Cell staining and flow cytometric analysis
To allow analysis of the content of enriched and unselected products, cells were stained on ice for 20 min with combinations of FITC-and PE-conjugated monoclonal antibodies (mAbs). These antibodies included CD34, HLA-DR, CD38, and CD19 (Becton Dickinson Immunocytometry System, San Jose, CA, USA). Nonspecific isotype-matched mAbs were used to determine background fluorescence. Cells were washed with PBS plus 1% HSA, fixed with 1% formaldehyde buffer, and kept at 4°C until analyzed using a FACScan flow cytometer. Data were collected in listmode and subsequently analyzed using Cell Quest software (BDIS). The percentage of CD34 + cells was calculated using the mean of three different measurements, after subtraction of non-specific background fluorescence. For samples in which the level of CD19 + cells was below our reliable level of flow cytometric detection (previously established to be 0.1%) a value of 0.1% CD19 + cells was assigned.
High-dose chemotherapy/CD34
+ cell infusion High-dose cytoreductive therapy consisted of melphalan 200 mg/m 2 given at a dose of 100 mg/m 2 in 100 ml of normal saline over 30 min on days −3 and −2. Patients, treated in single-bed rooms, received prophylactic quinolone antibiotics and fluconazole. Frozen cell products were brought to the patient's room, thawed individually, and infused without delay. All patients received 5 g/kg/day of G-CSF until absolute neutrophil counts were 2 × 10 9 /l for 2 consecutive days. Response was assessed according to the guidelines followed by ECOG study No. s9321.
IgH RT-PCR
RNA was isolated using TriPure reagent (Boehringer Mannheim, Indianapolis, IN, USA) from 1 × 10 6 cells, based on Chomczynski's protocol. 21 To generate cDNA, 2 g of RNA was combined with a mixture containing dNTP, hexanucleotides, RNase inhibitor, buffer, and RT AMV (Boehringer Mannheim), and incubated for 1 h at 42°C. Amplification of the Ig heavy chain gene was performed by semi-nested PCR using consensus primers for a section of the rearranged IgH gene between frame work 2 and the J regions. The primers used in round one were:
22-24 Second-round primers consisted of the FR2B primer and the J consensus primer [5′TGAGGAGACGGTGA-CCAGGATCCCTTGGCCCCAG 3′]. PCR was performed using 1.0 unit of Taq polymerase (Perkin Elmer, Branchburg, NJ, USA), H 2 O 24.8 l, 10× buffer 5 l, MgCl 2 15 mm, dNTP 0.2 mm, primer each 0.2 g, and 10 l cDNA. Each round of PCR consisted of 45 cycles of denaturing at 94°C for 30 s and annealing at 60°C for 30 s. At the beginning of each PCR, a 5 min denaturing at 94°C was performed; at the end of the 45 cycles 20 min of extension at 72°C was carried out. Products were examined by electrophoresis on 3% agarose gels. To evaluate the integrity of the isolated RNA, RT-PCR was performed to detect the beta 2 microglobulin gene. Samples were considered to be negative for monoclonal cells only if they were positive for beta 2 microglobulin.
IgH RT-PCR assay sensitivity and validation
Precautions to eliminate false positive PCR included using separate work areas for pre-PCR and amplification assays, and using filter-containing disposable pipette tips. An established B lymphoblastoid cell line (JY) was used to determine the sensitivity of our PCR. 25 Log dilutions of the JY cells (from 10 6 cells to a single cell) were made with 10 6 K562 cells, a hematopoietic cell line in which the IgH chain is germline and not rearranged. Following our RT-PCR procedure, visible bands were seen in the 100 JY: 10 6 K562 dilution, indicating a sensitivity of 0.01%. In each PCR assay, a negative control (cDNA from K562), positive control (cDNA from JY) and water were used.
Statistics
Descriptive statistics, including the mean, standard deviation, and median, were calculated for each of the variables analyzed. Kaplan-Meier estimates of overall survival and of progression-free survival were plotted. The analysis of covariance (ANCOVA) model explored the joint effects of multiple independent predictors (total mononuclear cells harvested, log-transformed MNC-recovered, MCN-loaded, number of CD34 cells loaded, and releasing agent) on the response variable (log-transformed total count of CD34-positive cells recovered). We used 2 tests to assess the effectiveness of the peptide releasing agent vs chymopapain, and to investigate the results of the PCR assay.
Results
Patient characteristics
Eighteen patients with chemotherapy responsive multiple myeloma were enrolled in this study. Clinical characteristics are summarized in Table 1 . Eight patients had prior melphalan exposure and 14 patients had received four to seven cycles of vincristine, doxorubicin, and dexamethasone prior to enrollment in the study. Time from diagnosis to the initiation of the transplant procedure was equal to or greater than 1 year in 11 patients. None of these patients' disease progressed following administration of high-dose cyclophosphamide. IgG  VAD  6  3  8  1410  60  F  III  IgG  MP/VAD  20  3  20  1411  65  F  II  IgA  MP  46  24  8  1412  60  M  II  IgG  MP  40  3  8  1413  51  M  II  IgG  VAD  3  1  5  1414  61  M  III  IgG  VAD  18  10  14  1415  53  F  III   XRT/VAD  1  1  12  1416  61  M  II  IgG  MP  3  1  16  1417  58  M  II  IgG  MD  40  10  14  1418  49  M  III  IgG  VAD  8  11  12 % Plasma cells-1 = %plasma cells in bone marrow at enrollment; % plasma cells-2 = %plasma cells in bone marrow post-cyclophosphamide mobilization; Dx-Txn = months from diagnosis to transplantation procedure; VAD = vincristine, doxorubicin, and dexamethasone; XRT = local radiotherapy; MP = melphalan, prednisone; MD = melphalan, dexamethasone; CHOP = cyclophosphamide, doxorubicin, vincristine, and prednisone.
Mobilization, collection and selection of CD34 + cells
Patients' PBPC were mobilized using cyclophosphamide and G-CSF. The target number of CD34 + cells for selection and unmanipulated products was achieved by two or less leukaphereses in 12 patients, while six patients required three or more leukaphereses ( Table 2 ). The average time from administering high-dose cyclophosphamide to the initiation of leukapheresis was 13 days (range 9-20). The average peripheral blood white cell count at time of leukapheresis was 23.4 ± 16.6 × 10 9 /l (range 2.5-70). The mean percentage of lymphocytes was 3.71 ± 2.59% and of monocytes was 6.67 ± 2.97%, giving an average of 2.4 ± 1.9 × 10 9 /l mononuclear cells. The average volume of blood processed on each leukapheresis day was 17.92 ± 6.12 l, yielding an average of 4.58 ± 3.10 × 10 10 white cells.
Device performance
Of 30 selections performed, 29 were successful, while one selection was terminated due to significant cell clumping, thought to be related to a high number of neutrophils in the apheresis product on that day. One leukapheresis product with high cell counts was split for two separate selections as per the manufacturer's recommendations. In 12 patients one selection was performed, while six patients required two to four selections ( Table 2 ). The median number of cells processed was 3.50 × 10 10 with a median recovery of 0.81% (Table 3) .
The median percentage of CD34 + cells in the starting products was 0.58 (0. 16-7.73 ) and in the selected products was 90 (range 29-99). Median CD34 + cell yield was 48% (range 17-78%) ( cells/kg). No correlation was found between the number of CD34 + cells loaded on the device and the yield (P = 0.89). In addition, there was no significant difference in recovery of CD34
+ cells between the fully automated and the semiautomated systems, with median and range of 36% (25-78) vs 51% (17-57) respectively (P = 0.91). There was a significant relationship between the use of the peptide releasing agent and CD34 + purity of more than 90% ( 2 test, P = 0.021). The median percentage of CD19 + cells in the starting products was 7.4 (range 0.10-13.10%). Following CD34 + selection, the median percentage of CD19 + cells was 0.14 (range 0.10-0.59%), indicating a 3.0 log depletion of CD19 + cells (Table 3) .
RT-PCR results
We performed RT-PCR to amplify sequences of the variable region of the Ig heavy chain gene to detect up to 100 clonogenic cells per total of 10 6 cells (0.01%). Adequate , and preselected products were available for 24 out of 29 products. All the preselected and the CD34 − samples were positive by RT-PCR, indicating the presence of clonogenic B cells (Figure 1 ). Of the CD34 + products, 54% were negative for clonogenic cells by RT-PCR, with a 4 log depletion of the clonogenic B cells (range 2.9-5.1) when a 0.01% value was assigned to negative products.
Of the products selected using the peptide releasing agent (n = 15), 65% were negative by RT-PCR. In contrast, 37% were negative by RT-PCR when chymopapain (n = 9) was used as a releasing agent. This difference in clonogenic contamination was statistically significant ( 2 test, P = 0.033). The status of RT-PCR did not correlate with the purity of the product (%CD34 Ͼ80) but did correlate with the extent of CD19 + cell depletion (Fisher's exact test P = 0.031), as shown in Table 4 . Although the explanation for this observation is not clear, one possibility is that chymopapain nonspecifically released trapped clonal B cells.
Infusion and engraftment of CD34
+ cells
The median number of CD34 + cells infused per kilogram was 2.91 × 10 6 (range 1-16.30 × 10 6 cells/kg). In 13 patients the CD34
+ cell dose was equal to or higher than 2 × 10 6 cells/kg. All infusions were well-tolerated, without significant adverse reaction. The average time to absolute neutrophil count above 0.5 × 10 9 /l was 11 ± 2 days (range 9-14 days). The average time to platelet count above 20 × 10 9 /l without transfusion support in 17 evaluable patients was 15 ± 7 days (range 9-42 days). Thirteen patients required 14 days or less to achieve a sustained platelet recovery, three required 16-19 days, and one patient with prior pulmonary embolus required 42 days. The median number of units of packed red blood cells infused was 4 (range 0-7). Platelets were transfused on a median of three occasions (range 1-12). The four patients in this study who received 1 × 10 6 CD34 + cells/kg continue to have sustained hematopoietic recovery with more than 19 months of follow-up.
Clinical response
Of the 18 patients, 11 achieved complete remission or near complete remission (CR, NCR), four achieved partial remission, and three showed no response to this treatment. With a median follow-up of 25 months (9-35 months), the overall, event-free, and progression-free survival rates were 75, 35, and 39%, respectively (Figure 2) . Three of four patients with partial response progressed at 6, 7 and 12 months post transplantation (Table 2 ). In addition, five of 11 patients in CR or NCR progressed at 6-18 months post transplantation.
Discussion
In this study, we demonstrate in 18 consecutive patients with multiple myeloma the feasibility of using immunomagnetic bead separation to select adequate numbers of CD34 + cells sufficient to achieve rapid hematopoietic recovery after high-dose melphalan. The target number of CD34 + cells was reached using cyclophosphamide and G-CSF mobilized peripheral blood progenitor cells with reasonable days of leukapheresis (р2 in 78% of subjects) and a moderate volume of blood processed per day (mean 17.9 l). Enrichment for CD34
+ cells using immunomagnetic bead separation was possible in all of the products except one. Hematopoietic recovery was rapid and similar to those results reported by other researchers using CD34
+ enriched peripheral blood progenitor cells. 15, 26, 27 The median recovery of 48% of CD34 + cells in this study was similar to those rates reported by others (Table 5 ). In addition, the median purity of 90% was also similar to that observed using the same device in different applications or a different device in the same disease group. 15, 26 Clonal B cells in the peripheral blood and leukapheresis products are commonly present in patients with varying stages of multiple myeloma and at different points of their 
Table 4
Result of RT-PCR based on the CD34 + purity or CD19 + contamination of the final products Positive  RT-PCR  7  4  8  3  Negative  RT-PCR  13  0  10  3 In this table we show RT-PCR results of 24 selected products in relation to % of CD34 and CD19 in these products. The probability by Fisher's exact test of having a positive PCR was independent of the CD34 + purity (P = 1) while having more than 0.1% CD19 + cells in the selected products was more likely to produce positive PCR (P = 0.031).
treatment. Gertz and colleagues 9 have shown that leukapheresis products contained у0.2 × 10 6 plasma cells/l in more than half of the patients undergoing high-dose therapy. Other researchers have also shown that leukapheresis products collected following chemotherapy, contain from 0.01 to more than 10% myeloma cells. 28, 29 In addition, in an extended period of leukapheresis, the contamination of products with plasma cells seems to increase in the last days of collection. Gazitt and colleagues, who performed leukapheresis after high-dose cyclophosphamide and GM-CSF, reported a similar observation. They showed more than a 2 log increase of myeloma cells in the leukaphereses obtained in the last 2 days of a 6-day collection. It is not clear whether the high-dose cyclophosphamide in combination with growth factor contributed to the mobilization of these clonal B cells. Perhaps this phenomenon can be further elucidated by investigating any alterations in the expression pattern of adhesion molecules on myeloma cells following such therapy.
We assessed B cell depletion by two methods: flow cytometric analysis for the presence of CD19 + cells and RT-PCR for IgH rearrangement. We achieved a 3.0 log depletion of CD19 + cells using immunomagnetic bead separation. This degree of depletion was similar to that calculated based on the results of RT-PCR for IgH rearrangement. After the positive selection for CD34
+ cells, 54% of the selected products were negative for the presence of clonal B cells by RT-PCR. A total of 10 patients in our study received RT-PCR-negative products with a median of 4 log depletion of clonal B cells (range 2.9-5.1), while 41% received products contaminated with clonal B cells. Schiller and colleagues, 15 using an avidin-biogel system for CD34 + selection, analyzed leukaphereses and CD34 + selected products using allele-specific oligonucleotides PCR, showing a 2.7-4.5 (median 3) log reduction in tumor contamination. In that study 42% of the leukapheresis products was initially negative. In addition, Schiller et al demonstrated that it is possible to deplete tumor cells beyond detection in selected CD34
+ cells from five out of eight patients whose leukaphereses were originally contaminated. Thus, since approximately 40% of the selected products contained clonal cells, additional steps may be required to further reduce this contamination. In theory, this reduction may be accomplished by combining a positive selection for CD34 + and negative selection for myeloma cells bearing such antigens as CD38 + /CD45 − , CD22 + , or CD19 + . It has been shown by Gertz et al that the increased number of monoclonal plasma cells in blood stem cell harvests was associated with shortened relapse-free survival. 9 Thus, eliminating monoclonal plasma cells from the infused products may prolong relapse-free survival. In our study the progression-free survival rate was 40% with a median follow-up of 25 months, similar to results reported by Schiller et al 27 using CD34 + enriched products. The impact of transplanting stem cell products contaminated with tumor cells can be addressed through gene marking studies or larger randomized studies.
Immunomagnetic-based CD34 + enrichment of peripheral blood progenitor cells collected in patients with multiple myeloma was feasible in this single institution study with limited numbers of leukaphereses. The infusion of CD34 + selected products was safe and led to prompt hematopoietic recovery. The benefit of the deletion of clonal cells on disease progression is yet to be determined.
